We present experimental observation of the spatio-temporal pattern of supersaturation in counter-diffusion methods. These complex patterns were recorded by dynamical interferometric analysis using a Mach-Zehnder configuration. Tetragonal hen egg white lysozyme crystals were grown inside APCF (advanced protein crystallisation facility) reactors. Salt and protein diffusion profiles were obtained independently by performing duplicated experiments with and without protein in the protein chamber; salt gradients were observed directly while protein concentration profiles are computed from the differences in refractive index between the two experiments. As expected from computer simulations, the time evolution of supersaturation shows a maximum about 45 h after activation (although this value can change as a function of the starting conditions and the geometry of the reactor). Nucleation takes place before this maximum supersaturation is reached. This explains the trend of the growth rate versus time curves for experiments performed within APCF reactors (both on ground and in space) and in capillaries by the gel acupuncture technique. By using very low concentration agarose gel in the protein chamber, sedimentation and buoyancy effects are eliminated so that the effects of gravity on fluid dynamics and hence on the spatio-temporal evolution of supersaturation can be assessed. These results confirm experimentally the predicted behaviour of counter-diffusion systems and support their use in growing large high-quality protein single crystals.
Introduction
In recent years, there has been an increasing interest in the exploration of counter-diffusion techniques to crystallise proteins and other biological macromolecules. These kinds of techniques are based on the inhomogeneous, out of equilibrium mixing of the macromolecule and precipitating agent solutions when they are allowed to diffuse in opposite directions [1] . This creates a complex spatio-temporal pattern of supersaturation that has never been experimentally recorded, but indirectly inferred [2] . By its very nature, the Fig. 1 . Different practical implementations of the counter-diffusion method. Note that the geometry of the arrangement is the same in all three cases. Note also that the term "buffer chamber" used for the intermediate chamber should be understood with its physical meaning, i.e., a chamber that makes slower the kinetics of the transport process. This chamber can be filled either with a chemical buffer or any other fluid such as water.
process is one-dimensional, so linear devices are normally used to implement the different variations of the method. In a typical configuration (Fig. 1) , the macromolecule and precipitating agent solutions are set in different reservoirs separated by either a membrane or a third reservoir containing a chemically inert solution. This third reservoir is usually implemented even if membranes will be used, because it simplifies the operation of the reactor. This geometry is found in the Dialysis (DIA) and free interface diffusion (FID) reactors of the advanced protein crystallisation facility (APCF) [3] as well as in the gel acupuncture method [4, 5] .
As shown in Fig. 1 , counter-diffusion techniques can be implemented in space and on ground, in both cases sharing the same physics (as long as the mass transport scenario is dominated by diffusion). Therefore, the same theoretical approach can be used in both cases to study nucleation and growth kinetics at length scales ranging from the global (whole reactor) to the local (crystal environment). The validity of this assumption may be compromised if gravity-driven processes play a significant role in mass transport, then breaking the symmetry of the diffusive mass transport and therefore invalidating the basic principle of the technique. This work has been designed in this context. In this preliminary study our aim was to evaluate the difference between experiments performed on ground in the APCF, using either free or gelled protein solution.
Crystallisation experiments in counter-diffusion systems are not easy to analyse due to their out of equilibrium nature. Steady-state diffusion and constant, homogeneous supersaturation can no longer be assumed because the properties of the method are dominated by spatio-temporal gradients of supersaturation. This problem has been tackled for inorganic compounds [6] and macromolecules [7] [8] [9] by using numerical computer simulation or indirect observations [2] , but the direct experimental confirmation of these results appears to be elusive. The main experimental problem is to separate the contribution of each reactant and to understand the complex pattern arising from the coupling between transport and precipitation. Interferometric methods has been used to reveal the local concentration patterns around growing crystals [10, 11] , including gelled media [12, 13] and salt transport in APCF reactors [14] . In this work, we present for the first time experimental evidence of the large-scale spatio-temporal supersaturation patterns revealed by Mach-Zehnder interferometry in counter-diffusion experiment designed to compare gelled and free protein solutions.
Experimental set-up
A Mach-Zehnder interferometer (two beams, amplitude-dividing) was used in this work [15] . The beam coming from a 10 mW polarised TEMHe-Ne laser ( "632.8 nm) was spatially filtered by using a microscope lens and a pinhole to eliminate the unwanted multiple-order energy peaks and to pass only the central maximum of the diffraction pattern. The divergent beam at the output of the pinhole was collimated to obtain a parallel beam of the required size (10 mm diameter) to illuminate the growth chamber. This beam was then amplitude split to produce a test beam (passing through the sample) and a reference beam, both having the same amplitude. Each of these two beams was deflected by a mirror to be superimposed at a second beam splitter where they recombined to produce an interference pattern that was acquired by using a CCD camera. The four reflecting surfaces were arranged so that the wavefronts of the two beams arrived parallel at the second beam splitter. In this initial configuration, an almost homogeneous grey-level image was obtained. The changes in salt and protein concentrations during the experiment involve variations in the refractive index of the solution that, in turn, produce local changes in the phase associated with each ray making up the test beam. Upon recombination with the reference beam, an interference pattern was obtained containing information on the spatial distribution of phase changes over the solution. The intensity at a pixel (x, y) in the digitised image is
where I and I are the intensity of the test and reference beams, respectively, and (x, y) is the phase difference between them. This value is a function of the wave number k"2 / ( being the wavelength) and the difference in optical path n¸(n being the refractive index of the medium and¸the path length difference travelled by both beams). As I(x, y) can be measured and all other experimental parameters are known, the refractive index of the solution can be computed from these equations. A linear dependence exists between the concentration of the i reactant and the refractive index of the solution:
where n is the refractive index of the pure solvent and the proportionality constants K G can be calibrated (K "0.00177 (%w/v)\ and K , ! "0.000173 (mg/ml)\ were used in this work).
From these equations, it is clear that a linear change in concentration produces a periodic (cosinusoidal) change in the intensity. A maximum (or minimum) intensity will be recorded at a point each time the concentration increases (or decreases) by /K G¸( that is 0.7315 mg/ml for lysozyme and 0.0715% w/v for NaCl). These are the basics of the so-called "fringe counting", probably the simplest interferometric technique. The time at which a fringe (maximum or minimum intensity) passes over a pixel or window of the CCD was recorded and the time evolution of concentration reconstructed directly from these data as
where N(x, y, t) is the number of fringes that passed over the point (x, y) after a time t.
The main drawback of this simple technique for studying counter-diffusion experiments is the superimposition of the protein and precipitating agent diffusion fields that makes the phase signal dependent on both concentrations
aking it impossible to calculate the two concentrations from a single intensity value for each pixel. Fortunately, the precipitating agent is not consumed during protein crystallisation and therefore its transport behaviour in time and space can be assessed by separate experiments or (in some cases) by computer simulation. Therefore, our experiments were duplicated: for each set of experimental conditions two experiments were performed, one containing salt but no protein and the other with salt and protein solutions. The salt concentration was obtained from the first experiment and the protein concentration from the phase difference between the two experiments. The experimental reproducibility and the internal consistency of the resulting concentration values allow us to be confident about this indirect method for measuring the protein concentration. Phase data were collected by averaging the grey level into four small image windows located at the entrance of the protein chamber (x"0), the end of the chamber (x"h) and two intermediate aligned points (x"h/3 and x"2h/3), h being the length of the protein chamber.
Absolute supersaturation values "C!C (C being the equilibrium protein concentration -solubility -in the presence of the measured salt concentration) were computed using C values from a solubility curve fitted to data gathered from Refs. [16] [17] [18] [19] . Percentage (w/v) was used as concentration units.
The experiments were performed in APCF FID200 reactors [3] consisting of three chambers: a salt reservoir (15 mm length, 5 mm diameter), a movable plug channel (12 mm length, 5 mm diameter) and a protein chamber (8 mm length, 5;5 mm cross section). The plug channel was rotated from its filling position to its activation position to connect all three chambers and start the experiment. The glass quartz reactor body was built and polished to be almost completely flat to the test beam wavefront. To reduce buoyancy convective flow, the reactor was oriented anti-parallel to the gravity vector (salt reservoir at bottom) and the plug channel was filled with low concentration agarose gel to avoid mechanically driven convective flow immediately after the activation of the reactor. Experiments with gelled and ungelled protein solution were performed to assess the importance of buoyancy effects.
Lyophilised hen egg white lysozyme (HEWL) from a single batch (lot 65H7025) was used as purchased from Sigma (L6876) without further purification. Solutions were prepared by dissolving it in a buffer solution prepared with 50 mM sodium acetate and adjusted to pH 4.5. Sodium chloride from Sigma (analytical grade) was used. All solutions were prepared with ultrapure water. The starting chemical conditions are displayed in Table 1 .
Results and discussion
The time evolution of salt concentration in four windows, located at the entrance (x"0), the end (x"h) and two intermediate points (x"h/3 and x"2h/3) of the protein chamber, is represented in Fig. 2a (for free protein solution) and Fig. 2b (for  gelled protein solution) . Over the whole experimental time, the overall spatial gradient in the protein chamber (defined as the difference between concentrations at the entrance and at the end of the chamber) was higher for the experiments using gelled solutions. As shown in Fig. 3 , the overall spatial gradient was two times larger after 40 h and 10 times larger after 82 h for experiments with gelled solutions. This spatial gradient is closely related to the concept of "reactor homogenisation", which is different from that of "reactor equilibration" [9] . In terms of homogenisation time, i.e. the time at which the spatial gradient in the protein chamber is negligible in practice, lower values were obtained for free solution experiments. For instance, in the experiment with free solution an overall gradient of salt concentration of 0.1% w/v was reached after 40 h while this homogenisation level was only reached after 70 h when gelled solutions were used (Fig. 3) . Correspondingly, the rate of change of concentration and therefore the rate of supersaturation was higher for experiments with gelled solutions (see insets in Fig. 2) .
The above observations suggest the existence of transport mechanisms other than diffusion in onground experiments performed using free solutions inside APCF reactors. This finding is particularly interesting because gravity-driven convection is unlikely to occur with the anti-parallel gradient set-up used in the experiments for the salt. The most suitable explanation for this effect is the superimposition of a density gradient in the same direction as the diffusive one. By this effect, the diffusive transport of denser solutions at the bottom of the protein chamber would somehow be hindered by gravity. In Fig. 4 , observed and purely diffusive simulated salt profiles along the protein chamber are compared for different times. The experimental profiles were calculated by fringe counting at 43 windows along the chamber; simulation profiles were computed using simulation software developed by our laboratory [7] . In this figure, it is clear that the observed concentration profiles can be explained by a diffusive transport at the beginning of the experiment (until t"26 h) but later on, the observed profiles are systematically and increasingly lower than the calculated ones. This behaviour is coherent with the above-proposed explanation because diffusion is triggered as soon as the reactor is activated while density gradients must appear later as a consequence of the settlement of the diffusive gradients that produce a density separation in the solution.
This effect has important practical consequences for microgravity experimentation. A common practice in experiments performed in space using the APCF is to set identical on-ground experiments in a facility synchronised with that in the space shuttle. The results from these experiments are used as a reference information to test the effect of microgravity on crystal quality and nucleation and growth kinetics. The results presented here demonstrate that these on-ground experiments are not a suitable reference to study the modification of crystal properties in microgravity because it is highly probable that crystals in exactly equivalent reactors in space and on-ground nucleate and grow in different physicochemical environments (concentrations of reactants, supersaturation, etc.) solely due to differences in the mass transport behaviour. Statistical data about the quality of crystals grown on earth and in space under identical conditions (same reactors and solutions) are interesting to estimate the effect of microgravity, but that comparison does not inform about the relationship between local growth conditions and crystal quality.
As discussed previously, the salt concentration and rate of change of concentration in counterdiffusion set-ups varies through the system and in time, something that does not happen in zerodimensional techniques like hanging drop. Eventually, at some place in the reactor and after a given time, the critical supersaturation for nucleation is achieved and a crystal nucleates. As the protein solubility C is a function of salt concentration, a spatio-temporal pattern of supersaturation gradients exists inside the growth reactor. This evolution is experimentally illustrated in Fig. 5 for the case of a reactor filled with free protein solution. As predicted by computer simulation, the time evolution of the supersaturation at a given point first increases until a maximum supersaturation is reached and then decays towards equilibrium. For the initial conditions used in these experiments, this maximum in concentration occurs after 45 h and sooner for the entrance than for the end of the protein chamber (although spatial differences are small due to the shortness of the protein chamber).
Nucleation occurs at different times before, during and after the maximum supersaturation value is reached. Surprising as it might be, this observation can be easily explained by taking into account the spatial distribution of the nuclei: the first crystals to appear are those closest to the entrance of the protein chamber while the last crystals appear at the top of the chamber; this trend was also observed for the intermediate positions. Any given supersaturation value is reached sooner at locations closer to the entrance, which explains the link between the spatial and time patterning of the nucleation process; however, it is even more important to note that nucleation at different places occurs at different supersaturation values. A further parameter, namely the supersaturation rate is important in controlling the time, position and supersaturation value of a nucleation event. This control is carried out through the "residence time", the time spent by a differential volume of solution at a given supersaturation level. The waiting time for nucleation depends on the residence times, which vary for different location in the chamber and can be (as in this case) and allow nucleation event to occur out of the maximum value of supersaturation.
The shape of the supersaturation versus time curve shown in Fig. 5 explains also the curves of the growth rate as a function of time observed in different counter-diffusion set-ups. These curves show in many cases an initial stage of increasing growth rate, which is more clearly observed for techniques allowing the use of longer growth chambers such as gel acupuncture [20] than for set-ups implementing shorter chambers like the APCF [21] [22] [23] . However in other cases the growth rate value decreases continuously and asymptotically to zero. Both trends can be explained by taking into account the above results: crystals that nucleate before the maximum supersaturation will start growing in an increasingly supersaturated environment, so the growth rate will increase until the maximum supersaturation is achieved and then will decrease. This trend will not be observed for crystals that nucleate after the maximum, which are always growing in an environment where supersaturation is continuously decreasing.
In a previous paper [8] we discussed the usefulness of representing the spatio-temporal evolution of the counter-diffusion crystal growth experiments in the supersaturation rate versus supersaturation space. Fig. 6 shows this representation for the experiments discussed in this work. In these plots, the maximum supersaturation achieved during the experiment, the residence times at different supersaturation values and the range of supersaturation rate at which the experiments operated can be clearly seen and compared. These being the main controlling parameters for the waiting time for nucleation, the nucleation flux and the growth rate of the crystals, this representation qualifies as the best choice for understanding the complex behaviour of crystal growth experiments in counter-diffusion set-ups. In Fig. 6 , it can be seen that the experiments with gelled protein chambers reach higher supersaturation values, scan a wider range of supersaturation and supersaturation rate values and its residence time at high supersaturation values is longer than experiments with free solution in the protein chamber. The usefulness of this type of diagram to understand counter-diffusion systems increases when initial conditions are selected to start far from equilibrium and when long protein chambers are used to allow the system to selfsearch the best local crystallisation conditions.
Conclusions
Dynamical interferometric analysis is shown to be an appropriate technique to study mass transport and crystallisation processes in diffusion-reaction systems. Quantitative experimental evidence of the spatio-temporal concentration and supersaturation patterns through the system and over time has been obtained for the first time. The spatio-temporal patterning of the supersaturation has been shown to affect the time, position and supersaturation at which nucleation events occur. Differences in the mass transport dynamics have been found between experiments using free and gelled solution; supersaturation and supersaturation rate are higher in experiments with gelled solutions, which supports the existence of a nondiffusive mass transport mechanism, such as the settlement of density gradients, operating in the reactors when free protein solutions are used. Assuming that gelled media mimic on-ground the mass transport properties of microgravity experiments, it can be concluded that protein crystal growth experiments performed under microgravity conditions in APCF reactors will behave in a different way from their counterpart on-ground references in terms of mass transport; this fact has practical implications for the analysis of data obtained from these experiments. The results presented here confirm experimentally the behaviour predicted by simulation for counter-diffusion systems and support their use for growing large highquality protein single crystals.
